The aerobic oxidation of cinnamyl alcohol in toluene under autoxidation conditions has been studied using a range of 1 wt% Au-Pd/TiO 2 catalysts. The catalysts have been studied to determine the effect of preparation method (impregnation and sol immobilisation) and metal ratio on the conversion of cinnamyl alcohol and the selectivity to cinnamaldehyde. The catalysts prepared by sol-immobilisation demonstrate higher selectivity to the desired aldehyde than the analogous impregnation materials. The most active catalyst was found to be 0.75 wt% Au-0.25 wt% Pd/TiO 2 prepared by sol-immobilisation and this demonstrates the importance of metal ratio optimisation in this catalytic process. Furthermore, this metal ratio was found to be most stable under the reactions conditions with little change observed over multiple uses.
Introduction
One of the major challenges facing the chemical industry is to introduce efficient and benign methods for the production of fine chemicals. There is currently a large demand for carbonyl compounds that are obtained through the oxidation of alcohols. However, harmful and expensive oxidants such as chromates and permanganates are currently used for these purposes [1] . In recent years, heterogeneous catalysts have received great interest as an excellent green alternative for these processes largely due to their ability to utilise O 2 as the oxidant. Au-Pd supported nanoparticles have proven to be extremely active and selective for various alcohol oxidation reactions [2] [3] [4] [5] . Cinnamyl alcohol oxidation is a model reaction to underpin work on renewable and sustainable feedstocks such as lignocellulosic biomass [6] [7] [8] [9] . The desired product of this reaction, cinnamaldehyde, finds many applications in pesticides, medicines and cosmetics [10] [11] [12] . The large majority of literature studies for cinnamyl alcohol oxidation focus on the use of mild conditions. However, these low temperatures do not necessarily lend themselves to an efficient industrial process due to the inability to recapture heat below the boiling point of water. This publication is an extension to our previous work on the oxidation of cinnamyl alcohol under more industrially relevant autoxidation conditions [13] .
In the previous paper we studied the phenomenon of autoxidation of cinnamyl alcohol, the effect of reaction conditions and the impact of Au-Pd catalysts, obtained by two different preparation methods, on the reaction. It was found that a 1%Au-Pd/TiO 2 catalyst prepared by the solimmobilisation method prevented autoxidation and enabled the catalytic process to take place under conditions where a significant blank reaction is normally observed. During the reaction with the use of 1%Au-Pd/TiO 2 catalyst prepared by impregnation, it was found that autoxidation and catalytic oxidation occurred at the same time. This resulted in large differences in selectivities between the two sets of catalysts with the sol immobilisation catalyst found to be extremely selective to the desired product, cinnamaldehyde. The difference in activity and selectivity between these sets of catalysts was largely attributed to the distinct difference in particle size. However, these particles would also vary heavily in terms of composition and structure of the Au-Pd nanoparticles. In order to further investigate these variables, a series of experiments were conducted focusing on optimisation of the Au-Pd metal ratio.
There are numerous studies which have investigated the effect of bimetallic ratio on both activity and selectivity for a number of reactions. The study of benzyl alcohol oxidation has demonstrated a large synergistic effect between Au and Pd and also a high sensitivity to metal ratio, with the optimum being 50:50 by weight [14] . This has also been contrasted with reactions for which addition of Au to Pd leads to an anti-synergistic effect such as CO oxidation and the water-gas shift reaction [15] . Prati et al. produced a series of studies on glycerol oxidation using carbon supported gold and palladium nanoparticles. It has been confirmed that also in this case bimetallic catalysts demonstrate higher activity than monometallics. It was noted that the nature of the support influences the observed nanoparticle behaviour [16] . The authors ascribed higher activity to the Au-Pd bifunctional sites and in general to a combination of electronic and geometric effects. It was noted that similar sites were determined at the edge of Au on Pd surface by Gleich et al. and suggested these to be responsible for CO adsorption [17] . Prati et al. observed less than 1% palladium leaching with gold being stable [16] . Despite the leaching of palladium, the catalyst was active for up to ten reuses. Researchers pointed to the fact that the Au-Pd ratio in the surface might be different from the nominal calculated value of components. This was justified by the observation that the Au-Pd pair potential is similar to the potential of monometallic components [18] .
The highest activity has been obtained in case of homogeneously alloyed nanometals, however, the catalysts prepared by different methods leading to separated phases were also significantly more active than their monometallic counterparts. This implied that even the presence of Pd leads to overall enhancement of Au catalyst [19] . The researchers have found that the size of the metal nanoparticles (2-16 nm) affects the activity and selectivity of the catalyst. It was also noticed that the synergistic effect seemed to be lower in the case of larger nanoparticles [20] . Further characterisation using TEM and HRTEM of the same catalysts but prepared by various methods (resulting in a different degree of mixing of the phases) showed that the most active are single-phase bimetallic alloy catalysts. Monometallics and catalysts with segregated, mixed phase Au-Pd with incoherent structure were less active. Scientists have proven that nanoparticles of homogeneous, alloyed phase were of multiply twinned structure [21] . In the next stage, Au-Pd/carbon catalysts were tested with a different metal ratio in the 95:5-20:80 range. As a result, a typical volcano relationship was obtained with the most active catalyst being 90 Au:10 Pd. All bimetallic catalysts and monometallic Pd were found to be more active than monometallic Au [22] . Inspired by these observations, the researchers performed a detailed characterisation of the catalysts with different metal ratios. In general, the size of nanoparticles in all catalysts was similar. HRTEM analysis demonstrated that nanoparticles in the range of 9:1 to 6:4 are homogeneously alloyed with multiply twinned structure [21] . In contrast, Pd-rich 2:8 and Au-rich 9.5:0.5 catalysts have an irregular shape and a different structure than the ones previously mentioned. It was observed that the separated Pd phases forming inhomogeneity might be the cause of inferior catalytic performance for the oxidation of glycerol, as the synergistic effect between Au and Pd is weakened [18] . The researchers have shown that optimization of the metal ratio is extremely important in order to obtain the best possible results.
Prati et al. extended their studies by examining the influence of previously tested Au-Pd metal ratio on the oxidation of a few alcohols: benzyl, cinnamyl, 2-octen-1-ol and 1-octanol. The reactions were performed in water at 60 °C under 1.5 atm of oxygen pressure. These conditions were relatively mild and therefore no autoxidation was observed. The only products detected during cinnamyl alcohol oxidation were cinnamaldehyde and 3-phenyl-1-propanol. The researchers also tested the influence of base which in the case of benzyl and cinnamyl alcohol led to acid and ester formation. The synergistic effect was maximum for 80 Au: 20 Pd in case of benzyl and cinnamyl alcohols; the most effective metal ratio for aliphatic alcohols have been found to be 60 Au:40 Pd [23] .
Dimitratos et al. studied oxidation of cinnamyl alcohol at 60 °C under oxygen [24] . Here, the researchers tested monometallic and bimetallic Au-Pd and Au-Pt systems supported over TiO 2 by sol-immobilisation method, with products of cinnamaldehyde and 3-phenyl-1-propanol. The conversion and selectivity varied for mono-and bimetallic catalysts. The Au-Pd system was more active than Au-Pt for the oxidation of cinnamyl alcohol both in water and in toluene. A 0.73 wt% Au-0.27 wt% Pd catalyst was found to be superior to its monometallic counterparts (conversion was 72% after 2 h, selectivity to cinnamaldehyde was 85% and selectivity to 3-phenyl-1-propanol was 13%). Despite this metal ratio performing well, there was no further information given as to the full range of Au-Pd bimetallic catalysts.
Tiruvalam et al. studied the morphology of Au-Pd obtained by the sol-immobilisation method (homogeneous alloy and core-shell structures). The support influenced the morphology of nanoparticles as different structures were formed on C and on TiO 2 . All structures supported on TiO 2 formed flat interfaces with the underlying TiO 2 which suggested to the researchers that PVA did not hinder particle-support interaction (stronger adhesion of the particle to the support). The influence of temperature on the behaviour of TiO 2 supported Au-Pd nanoclusters was also investigated. Drying at 120 °C did not heavily influence the structure, however calcination significantly affected the chemical ordering. At 200 °C core-shell structures were still visible however gold had diffused and was attached to the TiO 2 while Pd component has moved slightly in the opposite direction. Calcination at 400 °C caused only a small increase in particles size (due to the strong wetting interaction). Particles that were formed as homogeneous alloys remained as random alloys, however no core structures were retained. In the latter case particles divided into two phases: Au-rich and Pd-rich. Pd transformed from Pd(0) to Pd(+ 2). Interestingly, Pd:Au surface ratio was not changed [5] .
Xu et al. investigated the structure and redox properties of Au-Pd catalysts under operating conditions [25] . Nanoparticles undergo restructuring influenced by many various factors among other temperature and interestingly in the presence of gases (e.g. NO, CO and H 2 ). This is in agreement with observations made by Carter et al. that the segregation of Au and Pd components of alloys under CO exposure leads to the migration of Pd to the surface of the nanocluster (driven by Pd high affinity to CO) [15, 26] . Xu reported that freshly prepared Au-Pd clusters were spherical, however immediately after immobilisation on TiO 2 their shape became elongated what indicates strong metal-support interactions which is in line with the experimental reports by Prati et al. This proves that the support plays an enormous role in nanoparticle behaviour during chemical processes [16] . The researchers pointed to the fact that the cluster-support interaction might be weakened by the adsorption of H atoms. Subtle, but extremely important, differences regarding the oxidation state of a support have been explained in the paper. Electronic properties of the cluster have been subjected to discussions as important factor playing a role in the structural changes. Generally, the presence of adsorbed O or H atoms influences the charge state of the Au-Pd immobilized cluster [25] .
In this work we investigate the influence of metal ratio in bimetallic catalysts prepared by wet impregnation (imp) and sol immobilisation (SIm) for the oxidation of cinnamyl alcohol under autoxidation conditions. It is clear from the previous literature that the activity of catalysts can be tuned by optimisation of Au-Pd metal ratio under relatively mild conditions. The data also has given some indication that the same way of optimisation may be possible under harsher, autoxidation conditions. The aim of this study is to investigate these catalysts under these harsher reaction conditions.
Experimental

Catalyst Preparation
Preparation methods have been described in detail previously [1, 13, 27 ].
Impregnation Method
TiO 2 was slowly added to the mixture of solid PdCl 2 dissolved in an aqueous solution of HAuCl 4 , followed by heating at 90 °C until the consistence of a smooth paste was obtained. The amounts of metals precursor were calculated to achieve desired metal ratio. The material was dried (16 h, 110 °C), ground in a pestle and mortar and calcined in static air (400 °C, 3 h).
Sol-Immobilisation Method
Aqueous solutions of PdCl 2 (Alfa Aesar) and HAuCl 4 ·H 2 O (Strem) were added to deionized water under vigorous stirring, followed by PVA (1 wt% aqueous solution, Aldrich, MW = 10,000) (PVA/(Au + Pd) (wt/wt) = 1) and a freshly prepared solution of NaBH 4 (0.1 M, NaBH 4 /(Au + Pd) (mol/ mol) = 5). The amounts of metal precursors, coating agent and reducing agent were calculated to achieve desired metal ratio. After 1 h, the formed nanoparticles were immobilised onto a TiO 2 with the addition of sulphuric acid to obtain pH 1. The slurry was filtered, then solid was washed with distilled water followed by drying (16 h, 110 °C), and ground in pestle and mortar. The sol-immobilised catalysts were used without any additional calcination step.
Catalyst Testing
The oxidation of cinnamyl alcohol was carried out in Radley reactor (120 °C) under an oxygen atmosphere (3 bar). Cinnamyl alcohol in toluene (5 ml 0.5 M) was charged to the reactor, followed by addition of the catalyst (0.01 g). The glass reactor flasks were purged with oxygen three times before caps were sealed and placed on the hot plate. The stirring rate was set to 1000 rpm. The collected mixture of products was centrifuged to separate the catalyst. Samples were diluted with mesitylene as internal standard and analysed by gas chromatography (Agilent Technologies 7820 A) fitted with a CPwax 52 CB capillary column and a flame ionization detector. Conversion and selectivity values are reported within ± 3% error (calculated as a standard deviation).
Conversion of tested substrates was calculated with the use of following equation (C subA, C subB-represent the substrate concentrations [mol/dm 3 ] at the beginning of the reaction and at the end of the reaction, respectively):
Selectivity was calculated according to following equation:
The influence of water on the oxidation of cinnamyl alcohol has been tested by the addition of water (2 mL) to the standard reaction mixture. Standard high stirring rate of 1000 rpm was sufficient for this experiment in order to create an emulsion as two phases were present. The catalyst resided in the aqueous phase in the absence of stirring, however, the post reaction aqueous phase has been analysed and only traced amounts of cinnamyl alcohol and cinnamaldehyde were detected.
Scanning Electron Microscopy (SEM)
Microscopy was performed on a Tescan Maia3 field emission gun scanning electron microscope (FEG-SEM) operating at 15 kV. Images were acquired using the backscattered electron detector. Samples were dispersed as a powder onto 300 mesh copper grids coated with holey carbon film.
X-ray Photoelectron Spectroscopy (XPS)
XPS analysis was performed on a ThermoFisher Scientific K-alpha + spectrometer. Samples were analysed as received by pressing gently in to wells of a copper powder holder as supplied with the spectrometer. Analysis of the samples was conducted using a micro-focused monochromatic Al X-ray source (72 W) over an elliptical area of approximately 400 × 200 µm. Data was recorded at pass energies of 150 eV for survey scans and 40 eV for high resolution scan with 1 eV and 0.1 eV step sizes respectively. Charge neutralisation of the sample was achieved using a combination of both low energy electrons and argon ions. Data analysis was performed in CasaXPS using a Shirley type background and Scofield cross sections, with an energy dependence of − 0.6.
Results and Discussion
Bimetallic Au-Pd catalysts have been well studied to date [28] [29] [30] [31] . Indeed, catalytic performance is a result of numerous variables that one needs to consider including structure and composition of nanoparticles and their behaviour in relation to support, reactants, reaction conditions and many other factors. However, composition and metal ratio are significant factors that should be investigated and optimised to design the most effective catalyst [32] [33] [34] .
In our previous work we have examined the oxidation of cinnamyl alcohol in detail. As previously reported [13] , the main products are ( Fig. 1) : cinnamaldehyde (CinnALD), benzaldehyde (benzALD), 3-phenyl-1-propanol (PP), methylstyrene (MS), styrene, benzoic acid (BenzACID). CO, CO 2 , and further unidentified organic substances were observed in trace amounts (typically < 5%).
Autoxidation was found to be dominant in the blank reaction and also in the reaction carried out with the use of a low activity Au-Pd catalyst prepared by impregnation method (1%AuPd/TiO 2 imp). The major product being formed from the autoxidation pathway was benzaldehyde, which was undesirable. The catalyst prepared with the same metal ratio by sol-immobilisation method (1%AuPd/TiO 2 SIm) was found to be extremely selective to the desired product, cinnamaldehyde. The reason for this different behaviour of catalysts has been attributed to the size of the nanoparticles. Presumably, small particles (3-5 nm) obtained by solimmobilisation method were able to scavenge radical species responsible for autoxidation, thus increasing selectivity to cinnamaldehyde. Analysis of the product distribution in the reaction carried out with the use of less active 1%AuPd/ TiO 2 imp (particle size 20 nm) showed that the autoxidation and catalytic mechanisms took place simultaneously [13] . Figure 2 gives an overview of the differences in the product distribution for blank and catalysed reactions after 4 h.
In addition to the large particle size effects observed in the previous study, many other morphological and electronic differences could potentially dictate activity and selectivity in cinnamyl alcohol oxidation. In this work, we decided to however initial rates vary heavily between each catalyst. Therefore, the catalysts have been compared after 1 h of reaction to elucidate any difference in activity. Figure 3 demonstrates the results of the catalytic oxidation of cinnamyl alcohol with the use of a number of catalysts prepared by impregnation method. The amount of converted alcohol is a result of two different mechanisms taking part simultaneously: autoxidation and catalytic oxidation. We demonstrated recently that benzaldehyde is indicative of autoxidation [13] , hence the analysis of the influence of Au-Pd metal ratio on the reaction should be focused not only on the conversion but also on the selectivity (Fig. 4 ). From Fig. 3 it is clear that Pd-rich catalysts are the most active ones. The catalysed reactions have been contrasted against the reaction carried out in the absence of a catalyst marked as a blue line on the graph. The blank reaction shows around 30% conversion after 1 h (blue line). Reactions catalysed with the use of Pd-rich catalysts (1%Pd/TiO 2 imp, 0.25%Au 0.75%Pd/TiO 2 imp) have comparable conversions to the blank reaction, however the selectivity profile differs ( Figs. 2, 4 ). Pd-rich imp catalysts limited formation of benzaldehyde which suggests that the catalytic mechanism is dominant over autoxidation. Oxidation of cinnamyl alcohol using catalysts prepared by impregnation method. Reaction conditions: oxygen pressure, 3 bar; temperature, 120 °C; 0.5 M cinnamyl alcohol in toluene; catalyst mass, 10 mg; time, 1 h. Cinnamaldehyde ; benzaldehyde ; benzoic acid ; 3-phenyl-1-propanol ; methylstyrene ; conversion: filled square 1%Au/TiO 2 imp catalyst limited the conversion significantly (Fig. 3) . The product distribution, largely to benzaldehyde, suggests that the autoxidation was still present (Fig. 4 ). The catalyst acted as a scavenger to some extent, however was not active enough to perform catalytic dehydrogenation towards cinnamaldehyde. This can be explained by the larger size of gold nanoparticles, which are visible in SEM images (presented later). Miedziak et al. proved that even a small addition of palladium improves significantly the dispersion of gold, and hence activity [35, 36] . It is widely known that alloying Au with Pd leads to a better activity of nanoclusters, therefore the combination of those two effects, namely better dispersion and alloying, leads to an enhanced activity. 0.75%Au 0.25%Pd/TiO 2 imp and 0.5%Au 0.5%Pd/ TiO 2 imp demonstrated a synergistic effect towards limiting autoxidation, as the conversions compared to the blank reaction are lower and the selectivity to cinnamaldehyde is higher in each case (Figs. 3, 4 ). Large amounts of benzaldehyde were still formed hence the ratio of Au and Pd is not ideal for effectively supressing autoxidation.
An emerging conclusion that needs to be emphasised is that it is possible to increase the selectivity of even poor activity catalysts by optimising the metal ratios. Figure 5 plots catalytic activity and yield of cinnamaldehyde produced in relation to weight percent of gold. It can be seen that the conversion trend is reflected in the yield to cinnamaldehyde trend. Pd-rich catalysts are the most effective towards formation of cinnamaldehyde. Surprisingly, 0.5%Au 0.5%Pd/TiO 2 imp catalyst demonstrated a lower activity compared to other metal ratios, which is particularly noticeable after longer reaction times (4 h).
As we have shown in the previous work, the 0.5%Au 0.5%Pd/TiO 2 SIm has been found to be extremely active for the studied reaction. Moreover, the SIm catalyst was highly selective resulting in a small amount of undesired benzaldehyde, which is formed in large amounts as a by-product of non-selective oxidation. Figure 6 demonstrates that the highest conversion (nearly 96% after 4 h, selectivity to cinnamaldehyde of 80%) was achieved using the 0.75%Au 0.25%Pd/TiO 2 catalyst. This finding is in good agreement with Prati's work reporting 0.73 wt% Au-0.27 wt% Pd SIm catalyst which was more active than monometallic catalysts. Interestingly, the correlation in metal ratio and activity again dipped at 50Au:50Pd as with the impregnation catalysts. Therefore, to confirm this trend and proposed optimum of 75Au:25Pd, an additional two catalysts have been prepared with following metal ratio: 0.60%Au 0.40%Pd/TiO 2 SIm; 0.85%Au 0.15%Pd/TiO 2 SIm (Figs. 6, 7) . The data revealed that the tested catalysts were active, as expected, but still not as active as 0.75%Au 0.25%Pd/TiO 2 SIm. Figure 7 displays the results obtained after 1 h reaction 1% Au/TiO 2 catalyst has relatively low activity and selectivity as the amount of benzaldehyde formed is high (around 35%). The small addition of palladium (0.05% wt) clearly increased the selectivity to cinnamaldehyde of the gold catalyst by 20%, however the conversion was only slightly higher (from 9 to 16%). Further increasing of palladium content resulted in dramatic improvement of conversion maintaining at the same time high selectivity to cinnamaldehyde (around 80%) which indicates a strong synergistic effect. Figure 8 presents trend of activity for the range of SIm catalysts with different gold content. It is clear that 0.75%Au 0.25%Pd/TiO 2 SIm showed the highest activity in the oxidation of cinnamyl alcohol. Similar to previous observations for imp catalysts, 0.5%Au 0.5%Pd/TiO 2 SIm catalyst showed unexpected drop in activity compared to other bimetallic catalysts. The presented results proved that not only the size of nanoparticles is important but also their morphology and composition. In theory, geometric and electronic effects might explain different activity of bimetallic catalysts which possibly can be dictated by different way of alloying, phases separation or presence of inhomogeneities [16] .
SEM
We have shown that the preparation method influences the size and the nature of nanoparticles hence their effect on the oxidation of cinnamyl alcohol [13] . SEM have been used to investigate the size of the metal nanoparticles in case of fresh and used catalysts.
The size range of nanoparticles produced by impregnation method on 0.5%Au 0.5%Pd/TiO 2 catalyst is broad, from 3 to 100 nm ( Fig. 9 ). Large clusters (~ 100 nm) are especially visible and there is only a few small nanoparticles. Poor gold dispersion has been confirmed by XPS results. There is no massive change noticed in the particle size on the used catalyst. Figure 10 shows a SEM image of the 0.5%Au 0.5%Pd/ TiO 2 SIm. The nanoparticles are very small, in range < 10 nm. Slighlty larger clusters have been observed after second and third use of 0.5%Au 0.5%Pd/TiO 2 SIm, however not exceeding 13 nm (Fig. 11 ). Fig. 11 revealed that the particle growth is negligible.
The difference in nanometals size explains well the difference in activity of the catalysts as smaller nanoparticles are more active. The particle growth in case of 0.5%Au 0.5%Pd/ TiO 2 SIm and lack of agglomeration in case of 0.75%Au 0.25%Pd/TiO 2 SIm can explain the deactivation of the range of 1%AuPd/TiO 2 SIm catalysts with the exception of 75Au:25Pd ratio presenting an extraordinary stability.
X-ray Photoelectron Spectroscopy (XPS)
To investigate the chemical state and surface ratios of the Au/Pd species, XPS analysis of the catalysts was performed. For the catalysts prepared by impregnation, both Pd(II) and Pd(0) are found with respective binding energies of 336.4 and 335.3 eV respectively, furthermore, regardless of the amount of Au present, the Pd species are present in approximately a 1:1 ratio. Gold is found to have a binding energy of 83.2 eV, characteristic of metallic Au in a low coordinated state [37] , whilst the relative intensities of the Au(4f) peaks as a function of increasing Au loading indicate the Au itself is poorly dispersed.
Contrastingly, the impregnation prepared catalysts, solbased preparations reveal a more systematic influence of the Au. First, with increasing Pd content, there is a gradual downward shift in the Au(4f) peaks to a maximum of 0.4 eV; this shift is not observed in the core-levels of the support or that of the adventitious carbon, indicating this is a consequence of the dilution of the Au by the Pd resulting in a lower coordination for the Au species present. Throughout the compositional range, both Au(4f) and Pd(3d) peaks are observable, even in cases of low metal concentration (e.g. 0.95%Au, 0.05% Pd/TiO 2 ), indicating a more dispersed system than that found for the wet impregnation samples.
Moreover, for compositions of 0.75%Au 0.25%Pd and lower in respect of Pd content, no Pd(II) is discernible in the Pd(3d) spectra, however we appreciate its concentration may be low and therefore accurate determination is difficult. Coincident with increasing the Pd content above 0.25% is the formation of Pd(II) species, similar to that observed for the 1% Pd sol. Notably, the Pd(II) concentration is lowest for the 0.5%Au 0.5%Pd/TiO 2 catalysts, which may explain the observed selectivity.
The role of O 2 in the oxidation of cinnamyl alcohol (and other allylic alcohols) is contentious [38] . Baiker et al. carried out detailed studies on the effect of oxygen on the process [38] . They reported that dehydrogenation of cinnamyl alcohol over Pd/Al 2 O 3 catalysts took place in the absence of oxygen in the system. Increased selectivity to 3-phenyl-1-propanol and methylstyrene under inert gas indicated that cinnamyl alcohol acted as a hydrogen acceptor [38] . These observations led the researchers to the conclusion that oxygen might clean the catalyst surface and therefore takes a part in the process [38] . Lee et al. suggest that PdO is the active centre and oxygen plays a direct, important role in the catalytic process [39] . In our previous paper, the role of oxygen in cinnamyl alcohol oxidation has been investigated in terms of its influence on the products distribution. Little attention has been paid to the subtle matter of the influence of oxygen on the nanoparticles. It is extremely difficult to indicate active centres of the catalysts even with the participation of modern technologies. Lee and Wilson delivered valuable publications on the active site in Pd supported catalysts in the oxidation of various alcohols in mild conditions (air as an oxidant, low temperatures ~ 60 °C) [40, 41] . The researchers investigated the structural changes in a Pd/C catalyst using in situ XAFS and XPS techniques. Their work confirmed Baiker's report that cinnamyl alcohol rapidly reduces the surface palladium oxide [8] . The most important observation concerned the correlation of catalytic activity with the oxidation state of Pd. Designed experiment with cycles of oxidation and catalyst reduction has shown that palladium oxide surface layer was crucial for high catalytic performance [40] . In a later paper the scientists emphasize the importance of high Pd dispersion for enhanced catalytic activity [41] . Good Pd dispersion was observed up to 1 wt% bulk loading; higher Pd content (up to 8.55 wt%) resulted in worse dispersion and larger Pd clusters occurrence. The phenomenon of dispersion was directly linked with the palladium oxide presence as the researchers noticed the relation between increasing TOF in cinnamyl alcohol oxidation with increasing surface layer of PdO [%] [41] . Wilson et al. made efforts to improve Pd catalytic performance by changing support to mesoporous alumina and three-dimensional silicas (KIT-6, SBA-16). Indeed, suggested supports have been more suitable than 
Reusability of the Catalyst
Reusability studies revealed that the catalysts show gradual mild deactivation. In case of the impregnation method ( Fig. 12 ), Au-rich catalysts showed minimal loss of activity, whereas Pd-rich deactivated by 25% after first use. Also higher selectivity to benzaldehyde with every use suggests inferior catalytic performance. Catalysts prepared by sol-immobilisation method (Fig. 13 ) maintained high selectivity to cinnamaldehyde with every use, however conversion decreased. 0.75%Au 0.25%Pd/TiO 2 SIm has been found to be stable up to 3 reuses.
Among various reasons of catalyst deactivation, the most common are: metal leaching, surface changes and poisoning [41] .
Elemental analysis (ICP-MS) of the post reaction mixtures (imp & SIm catalysts) showed that leaching has been negligible (Au < 0.05%; Pd ~ 0.3%) in the oxidation of cinnamyl alcohol under autoxidation conditions. The problem of surface changes is more complex. Computational chemistry develops extremely quickly and provides novelty approach to existing problems. Theory should be coupled with practical experiments to deliver edge-cutting discoveries. Mentioned before investigations carried out by Xu et al. about the structure and redox properties of Au-Pd catalysts under operating conditions allow to visualize the nanoalloys as a flowing/running system rather than a "stiff" structure [25] . 38-atom cluster, Au 32 Pd 6 was chosen for the simulations what stands for nanocluster of roughly 1 nm diameter. Nanoparticles undergo restructuring influenced by e.g. temperature and gases (e.g. NO, CO and H 2 ). It was suggested that Pd in Au-Pd cluster remains always positive due to an electronegativity difference. Adsorbed O and H influence the electronic properties of the cluster. It has been proved that cinnamyl alcohol reduces PdO to Pd. The nature and detailed mechanism of subtle structural changes is not clear, however the amount of PdO seems to play a significant role in catalytic activity. Nevertheless, presented results prove that the synergistic effect and hence the electronic effect between Au and Pd is extremely important factor to consider in alcohols oxidations. Zhu et al. have established magic compositions (compositions at which nanoclusters present exceptional stability) of Au and Pd by computational analysis [44] . Size effects in the chemical ordering and surface segregation were studied for Au-Pd nanoalloys consisted of 38, 55, 147, 201,309, and 405 atoms what is less or equal to 2 nm. The observations were compared to the structural behaviour of larger 6 nm clusters (6525 atoms). Au-Pd nanoalloys can be structured in icosahedra and truncated octahedra. Depending on the structure, different chemical arrangements of metals can be formed what is driven by the surface segregation of gold and the chemical ordering at the surface and in the core. Researchers suggested that the size of the nanoparticles and the ratio of metals building the cluster determine the alignment and structure of the whole cluster. Scientists have identified the possible structures in which a cluster can organize: vertex, edge, facets and core. Numerical simulations were used to analyse the chemical potential difference as a function of a gold concentration to determine magic compositions of Au and Pd towards formation of individual structures in clusters of various sizes. Gold and palladium are miscible hence Au-Pd bonds are favoured both in the core and at the surface. However, metal ratio optimization and the resultant effect of two factors: the difference in surface energy (cohesion energy) and the size difference between Au and Pd, make it possible to achieve core-shell structures. In larger clusters, the core-shell structure is not "pure" as small atoms are placed in the centre of the core to mitigate the internal stress. These hypotheses are extremely difficult to confirm experimentally due to limitations of characteristic techniques. Nevertheless, it can be assumed that Au-Pd form a kind of homogeneous nanoalloy.
Poisoning (third common reason of catalyst deactivation) is especially difficult obstacle in the oxidation of allylic alcohols. Studies carried out by Baiker et al. and Wilson et al. using Pd supported nanoparticles revealed that CO formed during decarbonylation is able to adsorb on Pd clusters hindering the process [45] [46] [47] [48] . Small amount of CO is produced during cinnamyl alcohol oxidation, which can explain lower carbon balance in case of imp catalysts, however taking into Observations of such small structures are very difficult and require specialized techniques and a lot of work and combined strengths from specialists in the field of chemistry, engineering, and physics. One of the most important challenges is the improvement of technologies to observe nanostructures without interfering. Recent achievements in the field of computational chemistry provide valuable guidance and information to come closer to achieving success in the design of excellent catalysts.
Conclusions
The catalyst synthesis method and metal ratio have an enormous impact on the size and morphology of nanoparticles, which in turn determines the catalyst's activity. Sol-immobilisation method have been found to be more suitable to produce active and selective catalysts for oxidation of cinnamyl alcohol. 0.75 wt% Au-0.25 wt%Pd/TiO 2 SIm catalyst is extremely selective toward cinnamaldehyde at high conversion and is reusable up to 3 cycles. Experimental work presented in this study proved that optimisation of Au-Pd metal ratio is a crucial step towards improving the overall efficiency of oxidation in the liquid phase under autoxidation conditions.
